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ABSTRACT: Follicle-stimulating hormone (FSH) plays a central 
role in steroidogenesis and gametogenesis. In recent years, a 
great deal has been learned about the microheterogeneity of 
FSH using newly developed assay techniques. This review ar- 



Follicle-stimulating hormone (FSH), a pituitary gonado- 
tropin, plays a central role in both testicular and ovarian 
reproductive processes. Synthesized in anterior pituitary go- 
nadotrophs, FSH binds to gonadal receptors, leading to ef- 
fects on steroidogenesis and gametogenesis. In recent years, 
a great deal has been learned about the microheterogeneity 
of FSH using newly developed assay techniques. These 
techniques have introduced new insights into the structure- 
function relationships of various FSH isoforms. However, 
before we fully appreciate these new insights, it is important 
to understand not only the advantages but also the limita- 
tions of recently developed and commonly used assay sys- 
tems. This article will discuss the means by which 
structure-function relationships of FSH isoforms can be 
elucidated, and the possible interpretation of such findings. 

FSH Structure and Function 

Synthesis and Secretion 

Follicle-stimulating hormone from all vertebrate species is a 
glycoprotein hormone containing two noncovalently linked 
dissimilar subunits, consisting of a common subunit desig- 
nated a and a hormone-specific p subunit (Vaitukaitus et al, 
1976; Sairam, 1983) JThe subunits are encoded by separate 
genes localized on different chromosomes. Beginning in the 
early 1970s, the primary amino acid sequence was deter- 
mined. In recent years, the complementary DNAs and sub- 
unit genes have been isolated and characterized in several 
species (Pierce and Parsons, 1981; Gharib et al, 1990). The 
early developments that led to the postulation and eventual 
isolation of the subunit's structure have been reviewed in 



This manuscript is derived from a lecture presented on April 29, 1991 
at the Sixteenth Annual Meeting of the American Society of Andrology. 

Correspondence to: Dr. Kristine Dahl, Department of Medical Service 
(111), VA Medical Center, 1660 South Columbian Way, Seattle, Wash- 
ington 98108. 



tide will attempt to discuss the advantages and the limitations of 
recently developed and commonly used assay systems. 
J Androl 1992;13:11-22. 



detail (Sairam, 1983; Saxena and Rathnam, 1976; Papkoff 
et al, 1973). 

Follicle-stimulating hormone is synthesized and secreted 
by gonadotrophs of the anterior pituitary in response to 
various hypothalamic and gonadal factors. Gonadal pro- 
teins, such as inhibin and activin, influence the release of 
FSH. Inhibin increases in response to FSH, then feeds back 
on the pituitary to diminish FSH release in a classical en- 
docrine feedback system (McLachlan et al, 1989). How- 
ever, immuno-FSH levels do not always correlate with 
inhibin levels. These differences may be due to the effects 
of other gonadal proteins, or bioactive FSH levels may rep- 
resent a more accurate assessment of the physiologic effects 
of gonadal proteins such as inhibin. On the other hand, 
activin has the ability to stimulate FSH release in cultured 
pituitary cells (Vale et al, 1986; Ling et al, 1986). 

Carbohydrate Structure 

All glycoprotein hormones contain several asparagine- 
linked oligosaccharides (Kornfield and Kornfield, 1985). 
The primary structure of FSH consists of the polypeptide 
backbone and the oligosaccharide moiety. Follicle- 
stimulating hormone molecules from all species, including 
those from lower vertebrates, contain carbohydrate units 
covalently linked to the polypeptide (Sairam, 1983; Saxena 
and Rathnam, 1976; Papkoff et al, 1973; Chappel et al, 
1983a). Carbohydrate chains are attached to the protein core 
by either an N- or O-linkage, but FSH has only N-linked 
carbohydrates (Baenziger and Green, 1988; Ryan et al, 
1987; Pierce and Parsons, 1981). Follicle-stimulating hor- 
mone is glycosylated throughout the secretory process, 
from synthesis in the rough endoplasmic reticulum through 
the Golgi apparatus to various cellular and extracellular des- 
tinations. As seen in Figure 1 (Dahl and Hsueh, 1988), it 
has been postulated that the extent of glycosylation may 
depend on the type of stimulation. 

The carbohydrate chains of FSH exhibit considerable 



11 



12 



Journal of Andrology ■ January/February 1992 



CHOQ (5)5J-CHO 



GnftH 
ANTAGONIST 



Qtranscription 
Qglycosylation 

(T)sECRETION 




fSH FSH 



FIG. 1. Synthesis and processing of FSH (Dahl and Hsueh, 1988, 
with modifications). 



variations in size and structure, ranging from mono- and 
disaccharide to branched oligosaccharides consisting of 
many monosaccharides (Baenziger and Green, 1988). Gen- 
erally, the terminal carbohydrate moiety is either sialyated 
or sulfated (Ryan et al, 1987). The structures of the sia- 
lyated and sulfated asparagine-linked oligosaccharides are 
shown in Figure 2. The FSH a subunit of most species has 
more carbohydrate moieties than the p subunit; however, 
human FSH has two carbohydrate moieties on both subunits 
that have primarily sialic acid as the terminal sugars. Due to 
the immense diversity of the branching structures , the theo- 



retical number of hormone isoforms is the product of the 
number of a forms and the number of 3 forms. 

Structure and Function 

A brief outline of the current concept of the mode of action 
of FSH is depicted in Figure 3 (Dahl and Hsueh, 1988). The 
initial event is believed to be the binding of the hormone to 
the receptor, followed by the activation of adenylate cy- 
clase, resulting in the accumulation of cyclic adenosine 
monophosphate (cAMP) and aromatase induction. This sec- 
ond messenger binds to the regulatory subunit of protein 
kinase A, releasing the catalytic subunit. This induces other 
events, leading to the amplification of the initial hormone 
signal, and culminating in steroidogenesis. It is believed 
that the protein and carbohydrate components of FSH are 
responsible for transmitting different physiologic signals to 
FSH target cells. The protein domain binds to specific FSH 
receptors on the plasma membrane, while the carbohydrate 
moiety in the subunit of FSH plays a critical role in coupling 
the hormone-receptor complex to the adenylate cyclase, 
and thus the transduction of the biologic signal (Ryan et al, 
1987; Bahl et al, 1984). 

There are a number of studies that have been concerned 
with the structure-function relationship of FSH (Chappel et 
al, 1983a; Sairam and Manjunath, 1982; Keutmann et al, 
1982; Blum and Gupta, 1985; Peckham and Knobil, 1976). 
The essential role of sialic acid, which is present in FSH 
from all species (Manjunath et al, 1982), in maintaining the 
in vivo biologic activity of the hormone has been estab- 
lished. Removal of this sugar residue by neuraminidase 
treatment decreases the in vivo biologic activity of the hor- 
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FIG. 2. Postulated carbohydrate moieties of FSH (Baezinger and Green, 1988, with modifications). 
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FSH 




Steroidogenesis 

FIG. 3. Mode of FSH action on granulosa cell and Sertoli cell 
(Dahl and Hsueh, 1988). 

mone due to its rapid elimination from the circulation (Ryle 
et al, 1970; Chappel et al, 1983b), but in vitro biologic 
response is retained (Ulloa-Aguirre et al, 1984, 1986). 
However, removal of additional sugars or chemical treat- 
ment have shown that the carbohydrate residues are not 
essential for binding to the receptor (Chappel et al 1983a; 
Moyle et al, 1978; Mcllroy and Ryan, 1983). 

Agonistic and Antagonistic Effects of FSH Analogs 

Both granulosa and Sertoli cells are regulated by pituitary 
FSH. Under appropriate conditions, granulosa cells, Sertoli 
cells, or seminiferous tubule suspensions can respond to the 
addition of FSH in vitro by the prompt accumulation of 
cAMP (Means et al, 1980). Manjunath and associates 
(1982) have demonstrated that specific removal of 80% of 
the carbohydrate moieties increased the receptor binding 
and immunologic activities of the hormone, as assessed by 
in vitro methods. Deglycosylated FSH also binds better than 
its intact counterpart (Calvo et al, 1986). In contrast, they 
have a greatly diminished capacity for stimulation of cAMP 
production (Fig 4; Manjunath et al, 1982). In addition, the 
deglycosylated preparations became potent and specific an- 
tagonists of the intact hormone in in vitro bioassays (Sairam 



and Manjunath, 1982; Keutmann et al, 1982; Manjunath et 
al, 1982; Liu et al, 1984). 

FSH Radioimmunoassays, Radioreceptor 
Assays, and Bioassays 

Radioimmunoassays 

Following the development of a sensitive radioimmunoas- 
say (RIA) for insulin, the technique was adapted for the 
measurement of FSH in humans (Midgley, 1967; Faiman 
and Ryan, 1967; Catt et al, 1972; Welsh et al, 1984) and 
rats (Ross and Gilman, 1980; Limbird, 1981). Several in- 
vestigators were able to c haracterize changes in serum FSH 
in women durin g spontaneous and induced ovulatory cycles 
(Midgley and Jaffe, 1968; Ross et al, 1970). Since that 
time, serum levels of immunoreactive FSH have been char- 
acterized in humans during puberty, the menstrual cycle, 
menopause, and many endocrine states (Ross et al, 1970; 
Crowley et al, 1985). 

Radioimmunoassay is convenient, specific, and sensi- 
tive, but due to the inherent nature of measuring only im- 
munoreactive FSH. RIAs^ have rnajor deficiencies. Since 
these assays are based on the immunoreactivitv of the as - 
s ayed material , dis crepancies among assay s nsinfl different 
antibodies have been reported (Taymore and Miyata, 1969; 
Diebel et al, 1973). Commercially available RIA kits show 
differences between each other, suggesting the antibodies 
differ for each kit (Fig 5, unpublished data; Jockenhovel et 
al, 1990). These kits see different molecules, and, there- 
fore, give varying immuno-FSH levels for the same sample. 
Choosing an appropriate RIA standard (pituitary, urinary, 
etc.) adds additional complications. Due to the nonparallel- 
ism of competitive curves for FSH samples derived from 
different sources (eg, serum vs. urine), and the fact that 
most of the serum measurements were assayed against ei- 
ther pituitary or urinary standards, the quantitative aspect of 
the published data should be interpreted with caution (Fig 5; 
Jockenhovel et al, 1990; Albert et al, 1968; Ryan and' 
Faiman, 1968). Although essentially all of the available 
data on FSH levels in body fluids have been obtained by 
RIA, these data do not necessarily reflect bioactivity. Some 
modified forms of FSH may not cross-react with the anti- 
body but still retain their bioactivity, whereas some biolog- 
ically inactive isoforms (eg, deglycosylated forms) may still 
bind the antibody. 

Radioligand Receptor Assay 

The presence of specific receptors for FSH has been found 
exclusively in the granulosa cells of the ovary (Midgley, 
1973) and in the Sertoli cells of the testes (Means et al, 
1980). With this discovery, several investigators developed 
sensitive and specific radioligand receptor assays using 
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FIG. 4. Diagram suggesting potential effects of glycosylated versus deglycosylated FSH on receptor-mediated events, 



granulosa cell preparations and purified rat testes homoge- 
nates (Cheng, 1975; Reichert and Bhalla, 1974). These 
methods have not gained popularity due to their low sensi- 
tivities, interference by serum inhibitors such as binding 
proteins and other unknown factors, and the difficulty in 
differentiating agonistic and antagonistic activities of FSH 
isoforms (Dahl et al, 1988; Reichert et al ? 1991; Sluss et al, 
1987). 

Bioassays 

In Vivo: The classical in vivo FSH bioassays were based on 
FSH-induced increases in ovarian weight or follicle size in 
immature or hypophysectomized rodents (Steelman and 
Pohley, 1953; Brown and Wells, 1966). Some investigators 
also measured increases in testis weight of hypophysecto- 
mized rats (Simpson et al, 1950), or changes in testicular 
morphology of intact chicks. Also, ''secondary" FSH re- 
sponses, such as the increase in uterine weight of immature 
mice, have been used (Brown and Wells, 1966; Uberoi and 
Meyer, 1967). Among these assays, the Steelman and 
Pohley test is the most frequently used. In this assay, bio- 
activity of FSH is determined by treating immature female 
rats (21 to 22 days old) with 20 1U of human chorionic 
gonadotropin (hCG) plus test samples containing unknown 
quantities of FSH for 3 days. The ovarian weight is mea- 
sured 72 hours after the first injection (Steelman and 
Pohley, 1953). This assay is superior to other methods be- 
cause the addition of hCG in the injection protocol not only 
augments the ovarian weight increase (Simpson et al, 
1950), but also minimizes the effect of contaminating 



luteinizing hormone (LH)-like materials in the assay sam- 
ples. However, the mechanism by which hCG augments the 
FSH effect was not made clear until decades later. In gen- 
eral, in vivo bioassays are cumbersome and their sensitivi- 
ties are too low to allow the detection of small amounts of 
FSH present in serum. An important advantage of the in 
vivo assays is their ability to take into account possible 
differences in the metabolic half-lives of the hormones 
(Wang, 1988). 

In Vitro: Various in vitro bioassays for FSH have been 
developed in an effort to improve sensitivity and to develop 
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tests that are easier to perform and whose results are more 
reproducible. These methods measure different biologic ac- 
tivities of FSH in various target tissues, including the up- 
take of radiolabeled thymidine into mouse ovaries (Ryle et 
al, 1970), and the incorporation of radiolabeled glucos- 
amine into proteoglycans by porcine granulosa cells (Ax 
and Ryan, 1979). In addition, cAMP production by isolated 
rat seminiferous tubules was used as a bioassay for FSH 
(Ramachandran, 1983). 

Beers and associates (1978) proposed an FSH bioassay 
based on the stimulation of plasminogen activator (PA) ac- 
tivity secreted by cultured granulosa cells from pregnant 
mare's serum gonadotropin-treated rats. However, subse- 
quent studies have indicated that PA activity is increased by 
both FSH and LH (Wang and Leung, 1983; Ny et al, 1985). 
The only application of this method was the measurement of 
FSH content in conditioned media obtained from gonado- 
tropin-releasing hormone (GnRH)-treated pituitary cell cul- 
tures (Beers et al, 1978). Because GnRH treatment alone 
increases PA activity (Wang, 1983; Hsueh et al, 1988), one 
is concerned about the validity of bioactive FSH measure- 
ment in samples containing both GnRH and pituitary hor- 
mones. 

The most well defined and widely used in vitro bioassays 
for FSH are based on its capacity to stimulate aromatase 
activity in cultured Sertoli cells of male rats, as well as 
cultured granulosa cells of female rats. Follicle-stimulating 
hormone acts on granulosa and Sertoli cells to convert an- 
drogens to estrogens. The FSH effect on granulosa and 
Sertoli cell aromatases is dose-dependent and occurs at 
physiologic levels. The study of potential paracrine modu- 
lators (estrogens, androgens, and growth factors) that could 
enhance FSH action in granulosa and Sertoli cells led to the 
development of two in vitro bioassays. The combined ac- 
tion of enhancing hormones and factors resulted in assays 
that are highly sensitive to the aromatase-inducing function 
of FSH. These assays are hormone-specific and sensitive, 
and have been applied to the measurement of FSH bioac- 
tivity in serum samples from humans and diverse species 
(Van Damme et al, 1979; Padmanabhan et al, 1987; Dahl et 
al, 1989b). 

The earlier in vitro bioassays suffered from low sensi- 
tivity and precision, and the addition of serum to all of the 
assays led to a further decrease in assay sensitivity and 
nonparallelism to the standard curve. The inhibitory effect 
of serum on the FSH response systems may be due to the 
presence of unidentified factors in serum that interfere with 
FSH binding to its receptor. Methods are now available to 
pretreat the samples and remove some interfering serum 
factors (Dahl et al, 1989a). By using small quantities of 
serum for a reduced period of time (24-hour incubation with 
the unknown samples after an initial preincubation of cells), 
parallelism to the standard curve was demonstrated in the 
Sertoli cell aromatase bioassay (Padmanabhan et al, 1987). 



A distinct advantage of the granulosa cell and Sertoli 
FSH bioassays is the capability to measure FSH in all the 
mammalian species tested (Dahl et al, 1989b). In general, 
pituitary FSH from different species showed parallel dose- 
response curves in the present assay. In contrast to the non- 
parallelism observed in the RIA measurement of FSH from 
different sources, the granulosa cell aromatase bioassay 
(GAB) shows unique parallel dose-response curves for FSH 
preparations obtained from pituitary and urinary sources. 
However, due to the use of in vivo cultures, the present 
methodology does not take into account potential changes in 
in vivo metabolism of FSH. It is conceivable that certain 
potent FSH preparations in the in vitro assay may have a 
short half life in vivo, therefore exerting transient actions 
inside the whole organism. 

FSH Microheterogeneity 

Marked disparities between bio- and immuno-estimates of 
both crude and purified hormone preparations have been 
observed (Albert et al, 1968; Ryan, 1969; Rosenberg et al, 
1971). Data from Bogdanove's laboratory have suggested 
that heterogeneous populations of FSH are released by the 
pituitary in castrated rats, and the RIA data do not corre- 
spond with bioassay results (Diebel et al, 1973; Bogdanove 
et al, 1974). The bioactive to immunoreactive (B/I) ratio of 
test preparations changes with various physiologic condi- 
tions; androgens increase this ratio, whereas estrogens de- 
crease it. Also, serum FSH from castrated rats had a shorter 
in vivo half-life than that from castrated androgen-treated 
rats (Bogdanove et al, 1974). In addition, variations in pi- 
tuitary and serum FSH have been reported in rhesus mon- 
keys after castration and hormonal replacement (Peckham et 
al, 1973; Peckham and Knobil, 1976). In direct contrast to 
the results derived from rats, serum and pituitary FSH from 
both ovariectomized and orchidectomized rhesus monkeys 
is characterized by a larger apparent molecular size, a 
higher B/I ratio, and a lower rate of disappearance from the 
circulation when injected into test rats. The role of estrogen 
in decreasing the B/I ratio was also demonstrated. The ob- 
served heterogeneity in the B/I ratio of FSH in these studies 
is believed to be due to variation in the sialic acid content of 
the hormone. These disparities between experiments require 
further elucidation. Because the proportion of the more ba- 
sic bioactive forms of FSH increases with the onset of pu- 
berty in rats, Chappel and colleagues (1983a) suggested that 
the pituitary gland acquires the capacity of transforming 
acidic FSH species with lower bioactivity to their more 
potent counterparts, possibly by a pituitary neuraminidase. 
In addition, treatment with GnRH increases the relative pro- 
portion of the more basic form of pituitary FSH in the 
hamster (Galle et al, 1983), Studies on human pituitary FSH 
heterogeneity further suggested that the percentage of acidic 
forms of FSH increases with age, presumably due to 
changes in sialic acid content (Wide, 1985, 1987). Also, 
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estrogens are believed to induce the formation of more basic 
forms of FSH (Wide, 1982). However, the physiologic sig- 
nificance of this pleomorphism is now beginning to emerge 
due to the availability of sensitive bioassays to measure 
circulating, instead of pituitary, FSH levels. 



Clinical Studies 

Despite the fact that FSH bioassays have been available, 
there are still large gaps in our knowledge regarding how 
specific treatment protocols result in discrepancies between 
serum FSH levels obtained by bioassay versus RIA. 
Changes in bio- and immuno-FSH suggest that processes 
such as biosynthesis and/or release and late stage glycosy- 
lation may be affected to alter the metabolism and circulat- 
ing half- life. It is also possible that the tertiary structure 
may be altered, thereby affecting its ability to bind to the 
receptor but not to the antibody. Deglycosylated FSH has 
been shown to behave like an antagonist in in vitro bioassay 
systems. Recently, our studies demonstrated that adminis- 
tration of a GnRH antagonist resulted in the production of a 
circulating, naturally occurring antagonistic form of FSH 
(Dahl et al, 1988). Therefore, to understand the mecha- 
nisms by which various pathologic and physiologic states 
regulate FSH, it is essential to examine not only the levels 
of both bio- and immuno-FSH, but also whether differences 
in B/I ratios could be a result of alterations in their micro- 
heterogeneities, and where these alterations occur. 

GnRH Antagonist and Agonist Treatment 

Synthetic derivatives of GnRH with agonistic and antago- 
nistic properties have been developed and tested in several 
clinical studies, including suppression of prostatic cancer 
growth and the development of male contraceptives (Rivier 
et al, 1981; Linde et al, 1981; Labrie et al, 1986; Pavlou et 
al, 1986). Chronic administration of GnRH agonistic ana- 
logs leads to suppression of gonadal function through a 
complex mechanism of "pituitary desensitization. " Serum 
immuno-LH and FSH levels are only modestly affected, 
whereas serum bio-LH levels are dramatically reduced. 
Consequently, the B/I ratio of LH, an index of the biopo- 
tency, decreased by approximately 90%. However, GnRH 
agonist treatment did not result in reliable suppression of 
spermatogenesis. When GnRH antagonists are administered 
to normal men, there is a decrease in both bio- and immuno- 
LH, and endogenous testosterone is decreased to castrate 
levels, but there is only a minimal decrease in immuno- 
FSH. Therefore, there are disparate effects of GnRH ago- 
nists and antagonists on LH B/I ratios and spermatogenesis. 
Most of the questions raised in the studies described above 
specifically relate to whether immuno-FSH data reflect bio- 
FSH, or if the disparate results are due to the differential 



regulation of circulating bioactive FSH. Therefore, we ex- 
amined the effects of GnRH analogs on bioactive FSH lev- 
els in various endocrine states. 

GnRH Antagonist Treatment in Men: Although GnRH 
antagonists clearly suppress circulating LH levels, only mi- 
nor decreases in FSH levels were detected using RIA. In 
men, immuno-FSH levels in serum decreased only 20% to 
30%. We measured serum bio-FSH levels in four normal 
men after a single injection (20 mg) of a potent GnRH 
antagonist. Although only minimal suppression of immuno- 
FSH was detected, pronounced inhibition (79%-89%) of 
bio-FSH levels occurred (Fig 6; Dahl et al, 1988). Concom- 
itantly, the ratio of bio- to immuno-FSH levels decreased 
drastically after the antagonist administration. These data 
reinforced earlier expectations that GnRH antagonists might 
be potential male contraceptives, and provided the first re- 
port of changes in circulating bio- to immuno-FSH levels. 

Molecular Basis for the Decreases in the B/I Ratios of 
FSH in GnRH Antagonist-treated Patients: The chromato- 
focusing method separates proteins based on their isoelec- 
tric points. This technique has been shown to be useful in 
identifying changes in the microheterpgeneity of FSH iso- 
forms. We have set up this method, in conjunction with gel 
filtration (separation of proteins by molecular weight), to 
analyze FSH heterogeneity when changes in the B/I ratios 
of FSH are detected. The lower B/I ratios, and thus decreas- 
ing bio-potency of FSH, after GnRH antagonist injection 
may reflect the presence of different molecular species of 
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RG. 6. Effects of GnRH antagonist treatment on bioactive and 
imrnunoreactive FSH in men. Effects of a subcutaneous injection of 
GnRH antagonist on bio(b)- and immuno(i)-FSH (a) and on the B/I 
ratio (b) in four normal men. Levels differing significantly from the 
pretreatment concentrations during treatment are marked with as- 
terisks (*P < 0.05) (Dahl et al, 1988). 



Dahl and Stone * FSH Isoforms, Radioimmunoassays, Bioassays, and Their Significance 



17 



FSH. Therefore, we investigated the differences in FSH 
isoforms in postmenopausal women before and after GnRH 
antagonist treatment. 

The FSH isoforms before and after GnRH antagonist 
treatment were separated based on their isoelectric proper- 
ties using a chromatofocusing column with a pH gradient of 
7 to 4 (Fig 7, Dahl et al, 1988). Each fraction was analyzed 
both by RIA (upper panel) and bioassay (lower panel). Four 
major hormone peaks were distinguished. Peak IV con- 
tained the majority of FSH isoforms based on both assays. 
Before treatment, peaks II and III contained the most bio- 
active FSH forms. After GnRH antagonist treatment, a sub- 
stantial increase in the percentage of the most basic peak I 
was apparent, accompanied by decreases in the remaining 
peaks. The FSH B/I ratios were 0. 1 , 8, 57, and 2 for peaks 



I, II, III, IV, respectively, indicating that peak I was the 
least bioactive. The low B/I ratio in peak I suggested that 
these isoforms may be a mixture of FSH molecules with 
both agonist and antagonist activities. 

Identification of Circulating FSH Antagonist Isoforms: 
To further characterize the FSH isoforms, additional chro- 
matofocusing was performed (Dahl et al, 1988). To esti- 
mate the molecular weight (Mr) of the newly formed FSH 
isoforms, peak I fractions, obtained from GnRH antagonist- 
treated patients, were pooled and added to an Ultrogel 
(Pharmacia; Piscataway, NJ) column, which separates pro- 
teins by Mr. The applied sample displayed a wide range of 
Mr from 45,000 to 25,000, as assessed by RIA and the 
bioassay. However, the B/I ratios varied. Fractions with Mr 
and B/I ratios lower than intact FSH were pooled and run on 
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FIG. 7. Chromatofocusing analysis of serum samples from hypogonadal women before and after GnRH antagonist infusion. Chromato- 
focusing analysis of serum samples from hypogonadal women before (open squares) and after (closed diamonds) GnRH antagonist infusion, 
with the use of a pH gradient of 7 to 4 (inset). Fractionated samples were assayed (upper panel) by RIA, and (lower panel) by a granulosa cell 
aromatase bioassay. Results are expressed as the percent of total activity eluted from the column (Dahl et al, 1988). 
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a chromatofocusing column with a pH gradient from 1 1 to 
7. The resulting fractions were again analyzed by RIA and 
bioassay (Fig 8, upper panel). Fractions from pH 9.6 to 9.4 
contained the majority of the immuno-FSH, but these iso- 
forms were not bioactive. To investigate possible antago- 
nistic effects of these FSH isoforms, column fractions were 
added together with human FSH in the bioassay. Samples 
with pH 9.6 to 9.4 inhibited FSH-stimulated estrogen pro- 
duction (Fig 8, lower panel, open squares), but fractions 
with higher or lower pH were ineffective. A dose-dependent 
inhibition of estrogen production by the pH 9.5, but not by 
the pH 10. 1, fraction was found (Fig 8, inset). To rule out 
nonspecific inhibitory effects, the same fractions were 
added in conjunction with forskolin, which bypasses the 
FSH receptor and directly activates adenyl cyclases to in- 
crease estrogen biosynthesis in the granulosa cells. There 
was no inhibition of forskolin-stimulated estrogen produc- 
tion by any fractions (Fig 8, lower panel; crosses), suggest- 
ing that the suppression of FSH action by these fractions is 
probably at steps before adenyl cyclase activation. 

To further demonstrate that the antagonistic effect of the 
samples with pH 9.6 to 9.4 is due to FSH-like molecules, 
immunoneutralization experiments were performed. Treat- 
ment of cultured granulosa cells with antibodies against 
human FSH (Ab) or pooled fractions pH 9.6 to 9.4 (iso- 
FSH) alone did not increase estrogen production, whereas a 
near-saturating dose of ovine FSH increased estrogen pro- 
duction. Because the Ab is species-specific, no significant 
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FIG. 8. Chromatofocusing analysis of GnRH antagonist-treated 
patient samples with the use of a pH gradient of 11 to 8. FSH iso- 
forms with Mr and B/l ratio lower than those of intact FSH from an 
Ultrogel AcA 54 column were applied to the chromatofocusing col- 
umn. (A) Column fractions were assayed by RIA, and by bioassay and 
shown as percent of total activity. {B) Antagonistic effects of FSH 
isoforms on FSH-stimulated (open squares) and forskolin-stimulated 
(crosses) estrogen production and dose-dependent inhibition of 
FSH-stimulated estrogen production by FSH isoforms (inset). Re- 
sults were expressed as percent inhibition of estrogen production 
induced by FSH or forskolin (FSK) (Daht et at, 1988). 



decrease in estrogen biosynthesis was detected when Ab 
was added in conjunction with ovine FSH. When the iso- 
FSH was added with ovine FSH, there was a significant 
inhibition of estrogen production. However, when Ab (1:1 
or 1 :5 dilutions) was added ovine FSH and the human iso- 
FSH, Ab blocked the inhibitory effects of iso-FSH in a 
dose-dependent manner. Therefore, the FSH antagonist iso- 
forms were preferentially bound by the antibodies such that 
their receptor-specific inhibitory effects were blocked. 

GnRH Agonist Treatment in Men with Prostate Cancer: 
To examine the effects of GnRH agonist treatment on FSH 
heterogeneity, bio- and immuno-FSH levels were measured 
in the serum of six patients with prostrate cancer during a 
6-month treatment with a GnRH agonist analog (buserlin, 
600 jig intranasally 3 times per day), and up to 12 weeks 
after subsequent orchidectomy (Fig 9; Huhtaniemi et al> 
1988). After treatment with the agonist, both bio- and im- 
muno-FSH transiently increased for 1 to 3 days. The in- 
crease in bioactivity was more pronounced and the B/l ratio 
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FIG. 9. Effects of GnRH agonist before and after orchidectomy in 
men with prostrate cancer. Serum bioactive (bio-) and immunoreac- 
tive (immuno-) FSH (A) levels and B/l ratios (B) were measured in 
patients treated for 6 months with the GnRH agonist buserlin, and 
for 12 weeks following orchidectomy at 6 months after the initiation 
of agonist therapy. Levels differing significantly from the pretreat- 
ment concentrations during the peptide treatment are marked with 
asterisks (*P < 0.05) (Huhtaniemi et at, 1988). 
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increased at 2 weeks (Fig 9). During later stages of treat- 
ment, immuno-FSH declined below pretreatment levels in 5 
days, and stayed suppressed for the rest of the treatment. In 
contrast, FSH bioactivity did not decrease significantly be- 
low the treatment level during the 6-month treatment pe- 
riod, although the B/I ratio returned slowly toward 
pretreatment levels. After orchidectomy, the FSH activities 
showed dramatic increases, and the B/I ratio rose transiently 
from 1.5 to 7 in 2 weeks. The bio-FSH levels increased 
more acutely than immuno-FSH after GnRH agonist treat- 
ment and orchidectomy. A clear decline during long-term 
agonist treatment is only seen in immuno-FSH, which con- 
trasts to the concomitant decline in serum LH bioactivity 
reported earlier. When samples with high and low FSH B/I 
ratios were subjected to chromatofocusing (Fig 10), there 
was a shift from more acidic isoforms (low B/I ratio) to 
more basic isoforms (high B/I ratios). The persistence of 
FSH bioactivity may partly explain the inconsistent effects 
of GnRH agonist treatments on the suppression of sper- 
matogenesis. 

Testosterone-treated Men 

In normal men, chronic administration of high doses of 
testosterone markedly suppresses FSH and LH by RIA and 
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FIG. 10. Chromatofocusing analysis of serum samples from 
GnRH agonist-treated men before and after orchidectomy. Chro- 
matofocusing analysis of serum samples before (open circles) and 
after (closed triangles) orchidectomy. with the use of a pH gradient 
of 7 to 4 (inset). Fractionated samples were assayed by RIA {upper 
panel), and by a granulosa cell aromatase bioassay {lower panel). 
Results are expressed as the percent of total activity eluted from the 
column. 



reduces sperm production, but consistent azoospermia is not 
achieved (Matsumoto, 1990; Morse et al, 1973; Paulsen et 
al, 1982). To determine whether testosterone differentially 
affects the gonadotropin bioactivities, and whether these 
alterations result in inconsistent azoospermia, we studied 
normal men after a 4- to 6-month control, treatment, or 
recovery period. Parallel dose-dependent decreases in both 
bio- and immuno-LH occurred during testosterone treat- 
ment (Fig 11). However, LH B/I ratios did not change 
significantly. Chromatofocusing of serum samples from 
men before and after testosterone treatment (Fig 12) indi- 
cated a change in the microheterogeneity from more acidic 
isoforms with B/I ratios of approximately 1 to more bioac- 
tive FSH isoforms with pHs approximately 5.9 and 6.6 (B/I 
ratios 2 to 4, respectively). In conclusion, these findings 
demonstrate that the administration of testosterone to nor- 
mal men results in dose-dependent decreases in both bio- 
and immuno-FSH and LH, unchanged B/I ratios of LH, 
increased FSH B/I ratios, and a shift from more acidic to 
more basic and bioactive FSH isoforms with high doses of 
testosterone. Therefore, persistence of circulating bioactive 
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FIG. 11. Effects of testosterone treatment on bioactive and im- 
munoreactive FSH levels. Serum bioactive (bio-) {upper panel) and 
immunoreactive (immuno-) {middle panel) FSH levels and B/I ratios 
[lower panel) were measured in patients treated for 6 months with 
testosterone. Levels differing significantly from the pretreatment 
concentrations treatment are marked with asterisks (*P < 0.05). 
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FIG. 12. Chromatofocusing analysis of serum samples before 
and after testosterone treatment. Chromatofocusing analysis of se- 
rum samples before {upper panel) and after {lower panel) testoster- 
one treatment, with the use of a pH gradient of 7 to 4 (inset). 
Fractionated samples were assayed by RIA (open circles), and by a 
granulosa cell aromatase bioassay (closed diamonds). Results are 
expressed as the percent of total activity eluted from the column. 



gonadotropins may contribute to the lack of achievement of 
consistent azoospermia during high-dose testosterone ad- 
ministration in normal men. 



Conclusion 

in vitro assays provide the tool to measure FSH levels in 
diverse physiologic and pharmacologic states. Observed 
differences in bio- and immuno-FSH and LH secretion sug- 
gest that separate structural entities are recognized by the 
bioassays versus the immunoassays, and that RIA does not 
consistently provide a good estimate of bioactive gonado- 
tropin levels. We observed increases in the B/I ratio of FSH 
in GnRH agonist-treated patients with prostate cancer and 
testosterone- treated normal men, and decreases in the B/I 
ratio after GnRH antagonist treatment in both men and 
women. Chromatofocusing analysis of serum from GnRH 
antagonist-treated patients demonstrates a naturally occur- 
ring circulating "anti-hormone/ * and provides the basis to 
elucidate the role of hormone antagonists in various phys- 
iologic, pharmacologic, and pathophysiologic states. Fur- 
ther characterization and eventual purification of these FSH 
isoforms could aid our understanding of the glycosylation 
and action of FSH, as well as provide clinical approaches 
for " anti-hormone" therapies. In addition to GnRH antag- 



onists and testosterone, the observed FSH antagonist iso- 
forms may provide prototypes for the design of 
contraceptives. 
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